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ABSTRACT

Rechargeable solid state batteries utilizing lithium anodes, V.0,, composite
cathodes and polymer electrolytes made from polyethylene oxide - LiCF,S0, complex
were investigated at 100°C. The cells exhibited good cycling and reversibility.
Optical and scanning electron microscopy were used to study the morphological
changes taking place at the electrodes and electrolyte as a function of cycle
number. Post-mortem examination of the cell material indicated that the
structures of lithium, electrolyte and cathode become finer grained and hence
smoother. In addition the structures were more coherent. The cathode appeared
to undergo a re-healing process during the early stage of cycling. The results
indicate that the structures are consistent with one another and that long cycle

life can be obtained with these types of cells.
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1. INTRODUCTION
The discovery of ionically conducting polymers by Fenton and co-workers [1]

followed by Armand’'s [2] proposal for an all-solid-state battery have had a
strong impact worldwide on solid state battery research. Since then a large
number of groups have investigated a variety of polymer electrolytes such as
polyethylene oxide (PEO) complexes of various lithium salts [3-7]. The
feasibility of these polymer electrolyte batteries has been tested in a variety
of research cells and in some prototype hardware of practical size [8-10]. Never
the less there are at present no commercially available polymer electrolyte
batteries. Most of the emphasis has been directed towards secondary batteries

utilizing lithium anodes and intercalation cathodes such as TiS, or V,0,,.

In this communication a detailed study presents the effect of cycling on the
morphology of the lithium, electrolyte and composite Vg 0,, cathode elements in
solid state cells operating at 100°C. Both optical and scanning electron
microscopy were employed. Until recently, studies of this kind [11] were made
largely on cycled TiS, cathodes. However, there is no available literature that
describes the morphological changes taking place within the electrode phases
during cell cycling. One factor is that these solid state polymer electrolyte
systems are fairly new and long-term cycling and failure effects have yet to be

reported. This paper records a study of the electrodes and electrolyte surfaces

which provides photographic results complementary to the cycling data.
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2.1 e t o Cell Material

The handling and fabrication of the cell materials were carried out as

described elsewhere [12].

2.2 Cell Construction and Cyeling

Cells were assembled in the dry room as shown in Figure 1. The geometrical
surface area of the electrolyte, cathode and lithium was effectively 6.4 cm?.
Polypropylene spacers were used to separate the two electrodes. Two layers of
electrolyte were employed in each cell. Each cell was sandwiched between two
stainless steel plate current collectors and a clamping system was used to
maintain a constant pressure and electrode gap. The cells were cycled in an oven

at 100°C in the glove box.

The theoretical capacity of the cathode was based on 8 Li insertion into the
Ve0,; structure. The electrode loading was about 1.8 to 2 mAhcm™®. 1In all cases
a constant current discharge and a constant voltage charge through a limiting
resistor were employed. In this study the microscopic examination was conducted

on cells discharged at the C/5 rate.

2.3 Microscopy

All cells were examined in the discharged state. After the requisite nuuber

of cycles had been completed, the cells were removed from the oven and cooled to
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room temperature. They were opened in the dry room atmosphere. Each electrode
and electrolyte sample were carefully peeled from one another to obtain a clean
examinable surface. In some cases this was not possible so only cross-sections

were examined.

Optical micrographs were obtained using an Olympus SZ III optical microscope

equipped with a polaroid camera.

Scanning electron micrographs were obtained using a JEOL 840II scanning
electron microscope. An accelerating voltage of 20 kV was used in order to avoid
charging of the sample as well as beam damage. Despite this the lithium samples

were found to be experiencing beam damage from the electron gun.

Cathode samples containing predominantly Li V.0,, and carbon were
sufficiently electrically conductive so that no electrostatic charging of the
samples by the electron beam was experienced. On the other hand samples
containing large quantities of electrically insulating PEO electrolyte could be
observed directly only at low magnifications because of charging effects.
However, the resolution was not too good because of the low accelerating voltage.
Somewhat better resolution was obtained with the electrolyte cross-section if the

cathode layer was also intact. Because of these limitations, only the cathode

was studied in sufficient detail by SEM.




3. RESULTS AND DISCUSSION
3.1 Cycling

The initial open-circuit voltage of the cells at room temperature was over

3.5V. However, at 100°C, this value stabilized to 2.9-3.1V.

Figure 2 shows typical families of discharge curves for a 13 mAh cell at
various rates from the 40h (C/40) rate to the 1lh (C) rate, operating at a
temperature of 100°C [10]. The cut-off voltage was +1.8V. The discharge curves
have several distinct plateaus and these are thought to be characteristic of the
change in the oxidation state of the V40,, cathode. Another factor that may give
rise to these plateaus is the apparent continuous increase in the IR drop of the
cell during discharge [12]. It is believed that this increase originates not
only from changes taking place at the cathode, but also due to a change in the
electrolyte resistivity as a result of counter ion transport to the anode.

During recharge there is a loss in capacity compared to the initial discharge.

A plot of the theoretical capacity versus the number of cycles is shown in
Figure 3 [12]. At low rates, the initial capacity is considerably greater than
at high rates, as expected. However, the decline in capacity is much faster at
the lower rates of discharge than at the higher rate, with greater stabilization
in capacity occurring at the C/5 rate. These results are consistent with the
work of Hooper and North [8]. At the C/5 rate, a hundred cycles were obtained
with greater than 75% of the initial utilization of Vg 0,; being maintained at
cycle number 100. From cycle number 35 to cycle number 100 the coulombic

efficiency was almost 100% with very little reduction in the capacity.
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3.2 Mic c xamination

Post-mortem examination of the cell using optical microscopy showed the

anode-electrolyte-cathode interfaces to be well intact.

Figures 4a-e are optical micrographs (magnification of 50x) of the lithium
surface at the interface with the electrolyte. Figure 4a shows a typical optical
micrograph of the fresh lithium surface. The surface appears to be bounded by
"planes" in a random orientation with no evidence of lithium particulates. After
the first discharge, (Figure 4b) the number of "planes" increases somewhat. At
cycle number 10, the frequency of occurrence of these "planes" increases
considerably. Continued cycling changes the surface further (Figure 4d).
Finally after 100 cycles (Figure 4e), the structure is more dimpled. By
comparing the micrographs of Figures 4a and 4e, the structure has become finer
grained and hence smoother. The development of very little individual lithium
particle growth is fairly obvious. The dramatic change during cycling is clearly
the result of continuous electro-oxidation and electro-reduction of the lithium.
Furthermore there is no evidence of dendrites in any of these micrographs.

Instead, cycling appears to aid in producing a uniform lithium surface.

Figure 5a-d are optical micrographs of the electrolyte surface at the
interface with the cathode. Because of 1its weakly reflecting nature, fresh
samples of the PEO electrolytes could not be resolved well by optical microscopy.
However, after cycle number 2 (Figure 5a), the electrolyte surface appears to
have a fluffy structure. The darker spots are from the cathode. The mottled

appearance is quite evident and these are caused by the cathode particulate
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structure. After cycle number 10 (Figure 5b), the mottling components disappear

with the emergence of a more uniform structure. At this stage the electrolyte
has a cloudy appearance. At cycle number 35, (Figure 5c), the electrolyte
appears to be more translucent and somewhat crystalline. Figure 5d shows the
surface structure after cycle number 100. A comparison with the micrograph of
Figure 5a shows that there is an important difference between the early state of
the electrolyte and that surface produced at cycle number 100. A complete
transformation appears to take place during cycling. Again the surface has a
dimpled-like appearance, tending towards more homogeneity and uniformity compared

to the previous micrographs.

It must be remembered that the samples are surface structures photographed
at the interface with the cathode and so only a two-dimensional effect is given.
Nonetheless, some three-dimensional crystals of the electrolyte are clearly
evident in the micrograph of Figure 5d (bottom left-hand corner). It is
interesting to note, however, that thesé well-defined interior electrolyte
crystals are occluded by a continuous uniform layer of the surface electrolyte

with no evidence of surface cracks.

A detailed examination of the cathode was made not only using optical but
also scanning electron microscopy because of the better resolution and higher

magnification possible with the latter technique.

Figures 6a-f show the corresponding optical micrographs of the cathode
surfaces interfaced with the electrolyte. Figure 6a is the cathode after the

casting process. The surface layer is fairly reflective (due to surface PEQ) and
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highly smooth with large numbers of streak marks traversing in one plane only.
These are probably caused by the casting process. Figure 6b shows a micrograph
of the cathode having undergone 10% depth of discharge of the first cycle. The
structure is remarkably different from the initial state. .Numerous cracks of 50-
100um in width are clearly evident with the surface considerably less intact
compared to the original cathode. After 40% depth of discharge of the first
cycle, (Figure 6c), the cracks become less frequent, (widths about 100-250um) and
instead a re-healing process occurs. The surface also appear more intact, porous
and grainy, as can be seen from the deposit on the white aluminum current
collector. At the end of cycle number 5, (Figure 6d) the cracks almost
disappear. The re-healing process is further exemplified in this micrograph by
the faint light markings on the surface. Only a few striations are evident with

the cathode now beginning to take a uniform shape.

After cycle number 35, the cracks are non-existent and the surface appears
extremely porous, smooth and homogeneous. In addition, the grainier structure is
apparent. At cycle number 100, (Figure 6f), these grains become even finer, such
that the porous structure is now absent. The surface structure is even more
smooth ard uniform. The remarkable changes occurring between cycles number 5 and
100 are clearly evident. The optical micrographs suggest that the cathode
undergoes a re-healing process between cycle number 0 and cycle number 5. This
could be compared to the "forming" process of porous electrodes in conventional
batteries. Once "formed,” the material tends to become more coherent and highly

smooth,

It is interesting to note that the crystalline electrolyte deposits
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mentioned earlier are much more visible in Figure 6f.

A series of.scanning electron micrographs were obtained of the cathode at
1000x (Figure 7a-e). A micrograph of the cast cathode was not possible because
of severe charging arising from the PEO electrolyte. However Figure 7a shows a
micrograph of a cathode after completing cycle number 1. The surface appears
fairly well intact and careful examination suggests the particles are fused to
one another. This is probably due to the PEO acting as a binder. These areas
can be readily distinguished as lighter shades. This is actually the result of

charging by the PEO.

A clearer look at these fibrous materials can be seen from a cross-section
of the sample, shown in Figure 7a. Figure 8 provides a better view of such
fibers including the well-defined structure of Vg 0,, and carbon particulates
fused by the PEO electrolyte. However these fused structures tend to be less

resolvable with further cycling.

Figure 7b depicts a micrograph after the fifth discharge. The particles are
now more segregated with little evidence of charging. The size of the particles

range from 2-10 um.

After 35 cycles, (Figure 7c¢), the material becomes finer grained with an
average grain size of < 2um. The particles are well-defined and the surface
appears more porous. After cycle number 100, the grains are so small that they
could not be resolved at 1000x (Figure 7d). A micrograph taken at 5000x shows

the cathode to be extremely porous with grain size in the sub-micron range. The

10




white patches in both micrographs may well be the PEO electrolyte. A comparison
of Figures 7a through 7e graphically demonstrates the morphological changes with

cycling.

Figure 9 shows a cross-section of the cell after cycle number 5 showing the
lithium, electrolyte, cathode and aluminum backing. The cell exhibits good
adhesion at the anode/electrolyte and electrolyte/cathode interfaces, even after

100 deep cycles.

The above results suggest that the structures of the lithium, electrolyte
and cathode are consistent with one another and with the cycling data. The study
vividly demonstrates that during cycling, the cell material structure actually
improves. If this is so, the cell should give several hundred cycles without
appreciable degradation of the electrolyte or the active materials. This is
evident to some extent in the cell cycled 100 times. After cycle number 34, the

capacity decrease is almost negligible.

BT O

4. CONCLUSION

The difference between the morphology of the surface structures of the

individual cell components after the initial and subsequent electrochemical

cycles in solid state cells of the type Lil(PEO)a-LiCF3503|V5013 is evident. The

unique fine grained character of the surface obtained by a continuous cycling

process is of considerable importance in the development process for the

interfacial regions.
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Lithium (50um)
Electrolyte (20um) Cathode (20um)

Polypropylene Spacer
Stainless Steel Current Collector

Figure 1. Schematic of the polymer electrolyte cell.
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Figure 4. Optical micrograph of the lithium surface at the interface with the .
electrolyte (magnification = 50x).
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Figure 6. Optical micrograph of the cathode surface at the interface with the
electrolyte (magnification = 50x).
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(c) cycle #35

(d) cycle #100

Figure 7 SEM photographs of cycled cathodes
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Figure 9. Cross-sectional view of a cell after cycle #5
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